Abstract: Accurate estimation of construction production, which is composed of productivity and unit costs, allows construction planners and managers to have excellent control over current processes and to correctly predict the production of similar projects in the future. Due to the need for accurate production estimation, selection of the appropriate construction technology is a critical factor in the success of a project. This paper presents a methodology for developing a model capable of predicting productivity and unit costs using several procedures, such as actual data collection, input data generation using construction simulation, and multiple regression analysis. An earthmoving operation was analyzed to estimate the proposed methodology's prediction of construction production. A global positioning system (GPS)-based earthmoving system was selected as the new construction technology to be compared with the conventional system, to evaluate the decision-making process at a jobsite. The proposed methodology is expected to provide users with a basis for selecting appropriate technology. The case study presented in this paper demonstrates how to utilize the proposed methodology and analyze its predicted results.
Introduction
People working in the construction industry have tried to estimate construction production to assess whether or not targeted operations have to be improved. Accurate estimations of construction production at construction sites give construction planners and managers excellent control over current processes and enable them to correctly predict the production of similar construction projects in the future. Construction production can be generally evaluated using the productivity and unit costs incurred by construction equipment and workers. Accordingly, productivity and unit costs are considered important data to be estimated by planners and managers at construction sites. Moreover, prior to actual operations, it is necessary to formulate appropriate plans for efficient construction operations to achieve the highest production rate with limited resources. To improve construction production, the application of new technologies may be taken into account, if possible (Han et al. 2006) .
In formulating appropriate construction plans, the selection of technologies is another crucial issue, particularly when new technology can enable better production than conventional technology. For instance, the advent of global positioning system (GPS)-based earthmoving systems in the last 6 years has had a great influence on earthmoving operations. Work procedures for such operations, including surveying and staking, (which have been used over the past 100 years), have not changed over time, even though there have been minor updates in the specifications of some equipment. Global positioning system technology gave rise to significant new developments in earthmoving operations (Han and Halpin 2005) . The foregoing considerations make it clear that planners and estimators need a methodology that will provide them with reliable estimates and predictions of construction production and help them select appropriate technology prior to the commencement of actual work.
Objectives and organization of this study
Earthmoving, a simple yet fundamental operation in building or civil construction projects, was targeted in this study. The targeted operation was analyzed with respect to two systems: (i) a conventional system, which included surveying, staking, excavating, loading, hauling, and dumping and (ii) a GPS-based system, which was introduced into the construction market a few years ago and has attracted significant attention of late.
One of the key decisions in planning and executing a construction project is the selection of the appropriate construction equipment or a specific construction operation system. When a construction alternative, such as the GPSbased system in the earthmoving operation, is widely introduced in the current construction market, construction planners are asked to make a careful comparison of the system based on productivity and unit costs and to select the appropriate system based on its estimation and prediction of construction production. Generally, construction planners have difficulty in acquiring sufficient construction field data. New technology, such as a GPS-based earthmoving system, should allow them to estimate productivity and unit costs prior to the commencement of the actual work.
The goal of this study was to create and develop a new methodology for the estimation and prediction of the productivity and unit costs generated by both a conventional system and a GPS-based system. To achieve this goal, this study employed a process composed of the following steps: collection of construction data, generation of additional data using a simulation methodology, and prediction of productivity and unit costs using a statistical technique. This methodology also functions as a decision-making tool for the selection of the appropriate system under specific jobsite conditions.
In the first phase of this study, data were collected from selected construction jobsites. In the second phase, simulation models that were capable of reflecting actual site conditions were created. To create reliable simulation models, the results that were estimated based on the data collected were compared with the results of simulations. In the final phase, a decision-making model was developed based on multiple regression (MR) and was associated with the input data generated by the simulation model.
By considering various actual conditions, the proposed methodology can help the user understand and organize a construction scenario for the optimal application of either a conventional or GPS-based system.
Background literature

Methods for productivity prediction
Many studies have introduced methods of estimating productivity, such as a deterministic analysis, a simulation analysis, statistical procedures, and various decision-making tools.
Deterministic analysis, which has been utilized mostly because it is simple and easy to apply, is limited, however, in that it seldom resolves queuing or waiting-line problems (Halpin and Riggs 1992) .
Simulation analysis has allowed construction planners and estimators to estimate and predict productivity and unit costs and to evaluate construction operations by considering the variability that always exists in construction operations prior to the start of site work. Simulation analysis is difficult to implement, however, and is very complex with respect to making simulation models (Halpin and Riggs 1992) . Besides identifying the basic uses of simulation analysis, AbouRizk and Halpin (1992) investigated the importance of the best statistical distribution for various construction duration data in simulation, and they suggested flexible distributions, such as the beta distribution, for proper modeling (AbouRizk and Halpin 1992) . A CYCLONE methodology was adopted and developed in the ''state-and resource-based simulation of construction processes'' (STROSCOPE) simulation system. Basic elements of the CYCLONE methodology, such as queues, combis, and normal activities, are also used in STROSCOPE (Martinez and Ioannou 1994; Martinez and Ioannou 1995; Ioannou and Martinez 1996) . In this study, the CYCLONE methodology was adopted as it can simplify the simulation modeling process and make it accessible to construction practitioners, with limited simulation experience, as the basis of a number of construction simulation systems (Halpin and Riggs 1992) .
Recently, applications of simulation analysis have been widely used to evaluate the construction production of new technologies that lack sufficient historical data and to evaluate supply-chain management as applied to construction (Wang and Halpin 2004; Han et al. 2006) . Han et al. (2006) provided a methodology for the estimation of the productivity of the GPS-based earthmoving system by means of the implementation of simulation models. The operational structure in the simulation models were designed via interviews, and the duration of and other information on each element were assessed using the Caterpillar performance handbook (Caterpillar Inc. 2003) . Their simulation methodology, which was not based on actual data collected from a jobsite, was difficult to apply in practical situations.
The use of statistical procedures to analyze construction operations, especially earthmoving operations, has allowed construction planners and estimators to estimate reliable outputs by considering variances in factors in each cycle time for hauling and loading. Smith (1999) presented a stepwise multiple regression technique to investigate the relationship between productivity and the various conditions under which earthmoving was performed for the purpose of developing a deterministic model capable of predicting production in various situations (Smith 1999) . Han and Halpin (2005) presented a regression analysis technique that estimates the productivity of a conventional earthmoving sys-tem. The multiple regression technique used in these studies was, however, focused only on a conventional earthmoving system. A multiple regression technique can yield reliable results only when bulk data have been secured for use as input data. The difficulty of securing such data presents a limitation on the use of a multiple regression technique to predict the productivity of a new construction technology, such as the GPS-based earthmoving system.
Many studies have established models for estimating construction productivity using several decision-making tools. Gransberg (1996) presented a method of achieving an optimal haul unit size and number based on the load growth curve and the cost index number curve. This method, however, was concerned with only a two-link system for a loader and trucks, and focused on deterministic data and calculation. Henderson et al. (2003) utilized simulated annealing algorithms to find a vehicle route that minimizes the total distance traveled by a single earthmoving vehicle between the cut and fill locations. The study, however, focused on only one operational activity of a single earthmoving vehicle in a conventional earthmoving system. Further studies are required to investigate the estimation of the overall productivity of multiple activities. Marzouk and Modelhi (2001) demonstrated the integration of fuzzy clustering and computer simulation for the optimization of the total cost of earthmoving operations. Shi (1999) suggested the use of an artificial neural network to predict earthmoving production. The results of these two studies have to be validated, given the lack of information on the detailed components of their decision-making tools, by implementing each of these tools including their architecture networks.
A review of published literature shows the need for a method of predicting the production of new construction technologies. Current methods depend on securing a large quantity of datasets collected from jobsites. A new methodology capable of overcoming shortages in input datasets and of providing reliable results with easy implementation is needed. This methodology should also be based on actual collected datasets for practical applications.
Different types of earthmoving systems
Earthmoving is regarded as a fundamental operation in building and civil construction projects. It is defined as an operation whereby large quantities of earth are moved from one location to another. Earthmoving projects are generally composed of five interacting processes: site preparation, loading, hauling, dumping, and spreading. Other specific processes may be added, depending on the purpose of a given project (Hajjar and AbouRizk 1997) .
Global positioning system technology has recently been applied to earthmoving operations. It is, however, already the most developed and applied technology among the various emerging technologies in today's construction jobsites. A GPS-based earthmoving system provides a new jobsite concept that is clearly different from the conventional system, with bulldozers or motor graders operating without the use of stakes. The operators of these machines are completely guided by a graphical user interface (GUI) screen mounted on the machine. Accordingly, the operator knows exactly where he or she is onsite and also acquires an accurate cut or fill measure in real time without help from surveyors. In contrast, the conventional earthmoving system requires surveyors to provide an interface between the engineering design and the machine operator onsite. Surveyors set grade stakes to provide a visual guide for machine operators to move earth to the desired design level. Onsite surveyors are frequently required to stake and restake, to check the resulting surface, and to calculate the volumes of earth moved and the deviations from the desired design surface. These procedures are labor-intensive and require the surveyors and the machine operators to work closely together to produce the final result (Nichols and Day 1999; Han et al. 2006 ).
New methodology for productivity prediction
A previous study by Han et al. (2006) provided a modeling method that used construction simulation to compare the productivity of the conventional and the GPS-based earthmoving systems. The study demonstrated a way of creating simulation models of the GPS-based earthmoving system based on a few assumptions under artificially proposed site conditions. These assumptions were necessary because the application period of the GPS-based system has been too short to allow for the collection of a large quantity of actual data from jobsites. As shown in this study, the evaluation of a new technology, such as the GPS-based earthmoving system, that is based on accurate estimation and prediction of construction productions demands a new methodology that overcomes the limitation of collecting actual data.
The new methodology suggested in this study is composed of four phases. As shown in Fig. 1 , the first phase involves the collection of actual data through site observations and interviews with site personnel at real jobsites. The second phase involves the generation of data based on a simulation approach to overcome any shortage with respect to data collected in the first phase. The third phase involves the utilization of the multiple regression method to find the mathematical relationships between the actual conditions and productivity. Finally, the productivity and unit costs of each system are predicted and the more appropriate system, conventional or GPS-based, is selected.
Data collection
All construction jobsites have unique fleet management systems with their own strategies and operation plans. To realize the objectives of this study, the jobsites had to be grouped based on the fleet management system used at each jobsite in Indiana, USA, for data collection from May 2003 to August 2004. Basically, the jobsites were grouped into (i) a two-link system that comprised an excavator and a truck and (ii) a three-link system that comprised a bulldozer, an excavator, and a truck. Table 1 describes the six construction projects in which the conventional earthmoving operation was executed and the three construction projects in which the GPS-based earthmoving operation was executed.
From the projects described in Table 1 , data for a series of multiple cycles were collected 4 or 5 h/d at each jobsite. Twenty-three separate hourly datasets for the conventional earthmoving projects were collected, and 15 separate hourly datasets for the GPS earthmoving projects. Each dataset represented a remarkable sample of earthmoving operations from both the two-link and the three-link systems with respect to project size, fleet management system, and other conditions.
In the first step of the data collection, all the activities were recorded on video to obtain reliable data through consistent observations. Secondly, the event times of each activity recorded were precisely secured using stopwatch analysis. These basic procedures allowed accurate recording of travel time, loading time, machine breakdown time, and resurveying time. Soil characteristics were analyzed via sieve analysis. Interviews and site observations provided the rest of the information, except for the haul distance, the capacities of the excavator buckets and trucks, and the number of pieces of equipment. A summary of the characteristics of the collected data is shown in Table 2 .
Simulation methodology in substitution for the shortage of collected raw data
A simulation analysis was conducted based on the collected raw datasets and was used to generate the data that were utilized as input datasets in the multiple regression model that functioned as a prediction model. Samples of the simulation modeling diagrams for project C6, in which the conventional systems were applied, and project G1, in which the GPS-based systems were applied, are shown in Figs. 2 and 3, respectively. The simulation modeling diagrams for the other projects were similar to the aforementioned diagrams. According to Han et al. (2006) , the basic difference between the conventional and GPS-based systems was that the conventional system experienced interruption by onsite surveyors involved in resurveying and resetting lost visual guides. Note: GPS, global positioning system.
In simulation modeling, the beta distribution, which AbouRizk and recommended for use in random duration times, was used to model random input processes of construction durations for variable cycle times. The deterministic method was used in the duration times for tasks that demonstrated constant cycle times. Table 3 shows the duration information for each task in the simulation model in Fig. 3 . Table 4 shows two values of productivity: one obtained through actual measurement, and the other obtained by conducting a construction simulation. The comparison rates shown in Table 4 are the percentage rates of the simulated productivity to the calculated productivity through actual measurement.
In accordance with the methodology suggested in this study, the simulated data were intended to substitute for the collected data, because actual measurement of data collection on jobsites demands a great deal of time and effort. A Wilcoxon's signed rank test, a test of the median difference between two samples, was conducted in this study as one of the statistical methods used. The test was based on the magnitude of difference between pairs of observations. As the difference between the two samples was calculated, the simulated data could be measured on an interval scale that corresponded to how different it was from the actual data. When the data consisted of pairs (X 1 , Y 1 ), . . ., (X n , Y n ) and the differences D 1 = X 1 -Y 1 , . . ., D n = X n -Y n were normally distributed, a paired t test might be used to test hypotheses on the expected difference, D . If normality was not assumed, hypotheses on D could be tested using the Wilcoxon's signed rank test on the D i values (Devore 2000) .
The targeted datasets that were to be compared were composed of a small number of data samples that ware insufficient for a t test with a normal distribution. Accordingly, the Wilcoxon's signed rank test was adopted as a nonparametric alternative to the t test. The Wilcoxon's signed rank test was implemented using the SAS program, version 9.1 (SAS Institute Inc., Cary, N.C.). Based on the test assumptions, the null hypothesis and rejection regions for a level test are as follows:
. Null hypothesis: H 0 : D (X i -Y i : absolute magnitude between X i , the actual measurement, and Y i , the simulation model values) = 0 . Alternative hypothesis: H a :D(X i -Y i ) = 0 . The UNIVARIATE procedure provided by the SAS program was conducted to test the statistical values. The P values were used to investigated the acceptance or rejection of the null hypothesis. Halpin and Riggs (1992) illustrated that productivity values vary with the means of obtaining those values. According to their report, the productivity value obtained through actual measurement has approximately 10 percentage points of loss in deterministic productivity due to the bunching caused by random travel times. Unlike deterministic productivity, simulated productivity is estimated with consideration of the bunching effect and variances in travel times, and it usually has a higher value than the productivity through actual measurement. The value of the simulated productivity in this study was between that of the deterministic productivity and that of the actual productivity (Halpin and Riggs 1992) . The Wilcoxon's signed rank test was conducted to compare two groups of datasets: that of the simulated productivity and that of the modified actual productivity, which was five percentage points higher than the actual productivity. Five percentage points were assumed as a criterion located between zero and 10% of an average range of differences implemented by the deterministic productivity and the actual productivity. Table 5 shows the results of the Wilcoxon's signed rank test for the datasets from the conventional system and the GPS-based system.
The normality of the datasets was checked via tests for skewness, kurtosis, and the Shapiro-Wilk p value using the SAS program. When the datasets had normal distributions, their skewness and kurtosis values were close to 0, and the p value of the Shapiro-Wilk test was close to 1. As shown in Table 5 , the datasets of the conventional and GPS-based systems did not have normal distributions. Therefore, the Wilcoxon's signed rank test, which tests the similarity of two pair groups that are nonparametric (i.e., that have a nonnormal distribution), was conducted. The test results showed that the compared datasets both had a 95% confidence level.
Input data generation
The previous section described how appropriate simulation models could be used to substitute for actual measurement via statistical analysis. A guideline must be established for the implementation of data generation using a simulation methodology.
Interviews and site observations that were conducted revealed that from the 17 factors listed in Table 2 , only four factors were variable in each dataset. These factors were (i) the probability of resurveying in the conventional system and (or) the probability of checking in the GPS-based system, (ii) the number of trucks, (iii) the number of excavators, and (iv) the resurveying time in the conventional system and (or) the checking time in the GPS-based system. All the other factors were assumed to have been invariable in one dataset collected within 1 h. Variable durations, such as the loading time and the travel time, were implemented using duration input modules in the simulation methodology. The probability of machine breakdown was excluded from the main variable factors, because the probabilities of this event were so low that they could not have influenced productivity.
Several guidelines for input data generation based on the simulation methodology were determined, as follows:
. The low and high levels of the numbers of trucks and excavators in each dataset were determined by analyzing the collected datasets and through site observations. . The specific ranges of the low and high levels of the probability of resurveying-checking and the resurveyingchecking time were determined from the actual values of the collected data and the mean values of distribution of all the datasets in each system. . The numbers of generated datasets derived from one actual dataset had to be the same to achieve proper applications, where all the datasets were evenly reflected. To determine the low and high levels of the probability of resurveying-checking and the resurveying-checking time, the best-fit distributions were investigated to find the mean value, which was supposed to function as the low or high level for data generation. Figures 4 and 5 show the best-fit distributions, obtained via the BestFit program version 4 (Palisade Corporation, Newfield, N.Y.), of the resurveying time and the probability of resurveying in the conventional system. Figures 6 and 7 show the best-fit distributions of the checking time and the probability of checking in the GPS-based system. The mean values, which were derived from the best-fit distributions shown in Figs. 4, 5, 6, and 7, are shown in Table 6 .
The number of resources associated with the simulation methodology was determined from the range of availability of such resources at the jobsites. This information was determined through interviews with site personnel. The low or high levels of the number of equipment were determined depending on the minimum or maximum number of equipment available at the jobsites. Based on the guideline described previously, one dataset collected from the actual jobsites generated 192 datasets (i.e., combinations of 2 Â 2 Â 3 Â 16 for cases under the two-link system or 2 Â 2 Â 2 Â 3 Â 8 for cases under the three-link system). This process, therefore, generated 4416 datasets (i.e., 23 actual datasets Â 192 simulated datasets per one actual dataset) in the conventional system. The actual datasets from the jobsites in which the GPS-based system was applied generated 396 datasets each (i.e., combinations of 2 Â 2 Â 3 Â 3 Â 11 for the three-link system) through the data generation procedure. In the GPSbased system, the data generation process yielded 6336 datasets (i.e., 16 actual datasets Â 396 simulated datasets per one actual dataset). Multiple regression analysis for prediction of productivity As described in the previous section, the data generated by the simulation methodology were utilized as a large quantity of input data for multiple regression analysis, which was expected to provide the predicted productivity prior to the commencement of the actual work. In accordance with the explanatory variables that were collected from jobsites, where variables were denoted as factors, three models were considered and examined: (i) model I, a full model with 17 variables; (ii) model II, a reduced model with 10 variables; and (iii) model III, a reduced model with seven variables.
Model I was associated with all the explanatory variables, including the information regarding the probability of resurveying-checking and the resurveying-checking time. Accordingly, model I was expected to yield the most reliable prediction results, because it was composed of 17 factors, which were identified during the data collection. The variables that were included in model I, however, such as the probability of resurveying-checking and the resurveyingchecking time, could not be identified before the actual operations started or resumed. Thus, model I was limited as a prediction model. On the contrary, the reduced models were expected to yield unreliable prediction results, because they were composed only of explanatory variables that could be identified before the actual operations. The reduced models were separated into one model with sufficient information, named model II, and one model with insufficient information, named model III. The criterion for determining the sufficiency or insufficiency of the information was whether or not three specific explanatory variables were included in the models. These three variables were excavator operator experience, excavator age, and truck age, which were considered in model II. On the other hand, these three explanatory variables were not considered in model III. These three variables may have been identified or not, depending on the management level. The three types of models were applied to the conventional and GPS-based systems. The variables used in each model are shown in Table 7 . Three steps that are generally used to achieve the best-fit regression model were performed consecutively in this study. These were (i) step regression, (ii) transformation, and (iii) ridge regression (Devore 2000; Neter et al. 1996) . Tables 8 and 9 show the finalized multiple regression models, -I, II, and III -of each system. They present the mathematical relationships between the explanatory variables, denoted as factors, and the response variable, denoted as the productivity. These mathematical relationships allow the user to predict the productivity when the input data reflecting the actual situations are provided prior to the actual commencement of the site work.
Comparison of the actual productivity and the result by the prediction model
The prediction models were created under the appropriate procedures, which were the actual data collection from the jobsites, the data substitution with the simulated datasets, the data generation, and the multiple regression analysis. This section compares the actual productivity used in the raw datasets and the predicted productivity estimated using the prediction models. The reliability of regression models is normally determined by two criteria: the R-square and the mean square error (MSE) of an estimator. The comparison of these two values was expected to demonstrate how close they were and how reliable the created prediction models were. Tables 10 and 11 compare the conventional and GPS-based systems. The comparison rates represent the percentage rates of the predicted productivity to the actual productivity. According to these tables, the factors included in model I and excluded in models II and III (i.e., the probability of resurveying-checking, the resurveying-checking time, the probability of machine breakdown, and the machine breakdown time) significantly influenced the results.
The factors included in model II and excluded in model III, however (i.e., the equipment age and the operator experience), appear to have only slightly influenced the prediction results.
Comparative analysis of the conventional and the global positioning system-based systems Han et al. (2006) compared the estimated productivities of the conventional and the GPS-based systems. The productivity was estimated by means of WebCYCLONE (Purdue University, West Lafayette, Ind.), a construction simulation program, because of the difficulty of collecting actual data from jobsites where the GPS-based system has been adopted.
In compliance with the application of the prediction models, the data were collected from a jobsite where the conventional system was used. The details of the collected data are shown in Table 12 . The collected data were then utilized in the prediction models as input data.
The comparative analysis was implemented with two assumptions, as follows: (1) One bulldozer equipped with GPS instruments was added in the GPS-based system. Except for this assumption, all the other conditions were equal. (2) The results of the two reduced models (models II and III) were compared, because the full model (model I) included four factors (i.e., the probability of resurveyingchecking, the resurveying-checking time, the probability of machine breakdown, and the machine breakdown time) that could not be fulfilled before the actual operations.
The unit costs and the productivity costs were compared to complete the comparison. All the data concerned with the estimation of the unit costs were extracted from RS Tables 13, 14 , and 15 show the related cost information and calculation procedures. Table 16 shows the comparison of the unit costs and the productivity costs of each system. Model II showed that the GPS-based system had a productivity improvement of 34.36% and a unit cost savings of 19.93%, whereas model III showed a productivity improvement of 16.38% and a unit cost savings of 7.56% for the GPS-based system.
Conclusion
A fundamental question of construction managers and planners is whether or not the application of emerging technologies will improve construction production under specific conditions. This question demands an appropriate decisionmaking model for the answer. This study was conducted to provide such a model. A GPS-based earthmoving system was selected as the emerging construction technology to be applied to jobsites. The model's predicted construction production costs (i.e., the productivity and unit costs) were compared with those of a conventional earthmoving system. This study presented a methodology for developing a model capable of predicting productivity and unit costs by means of several procedures, such as actual data collection, input data generation using a construction simulation methodology, and multiple regression analysis. In the first step, actual data was collected through interviews, site observations, and videotaping. The second step generated the data used as the input data in the multiple regression analysis. To generate the data, a construction simulation methodology was used based on the actual collected data, and the Wilcoxon's signed rank test was conducted to provide confidence in substituting the simulated data for the actual data. Three types of models were created through multiple regression analysis. These models showed the mathematical relationships between various factors and the predicted productivity so that their users can input the identified values of factors from the targeted jobsite and can easily access the result (i.e., the predicted productivity). This study on the application of the prediction model showed how to use this model and presented and compared the predicted productivity and unit costs. The model will be of great assistance to users when selecting an appropriate system for identified site conditions.
This study also addressed two issues that need further consideration.
First, a method enabling the production of constant and precise datasets that reflect actual site conditions has to be adopted when collecting raw datasets from actual jobsites. The low number of raw datasets, due to difficulties in data collection, would be one limitation of this study. The more raw datasets available and the more varied the raw datasets are, the better the results produced by the model will be.
Second, the quantified benefits of the GPS-based system over the conventional system that were presented in this study would vary with different site conditions. This subject was studied by Han et al. (2006) . Compared with the results of the simulation methodology under the supposed site conditions in the previous study (Han et al. 2006) , this study showed that the results of the data generation and the multiple regression analysis based on the collected data under actual site conditions were more reliable. 
